We present an actively tunable mid-infrared metamaterial operating in the strong lightmatter coupling regime. We can tune the upper polariton branch continuously over 8% of the center frequency by applying 5 V.
Introduction
Metamaterials are ideally suited for optical filters across the entire spectrum from visible to radio frequencies due to the unique possibility to design their electromagnetic resonances. Their optical properties are defined by the geometry of the individual sub-wavelength constituents rather than by the bulk material properties. However, realizing an actively tunable metamaterial that can function as a modulator or tunable filter is highly challenging. The resonances of a simple metamaterial film are defined during its fabrication and therefore static.
Here we present an electrically tunable metamaterial operating in the mid-infrared spectral range of ~10 m. Our devices operate in the strong light-matter coupling regime where energy is exchanged periodically between an optical cavity and a two-level system at a characteristic rate called the vacuum Rabi frequency  R [1, 2] . The metamaterial resonator acts as a sub-wavelength optical cavity; the two-level system is realized using intersubband transitions (ISTs) in semiconductor quantum-wells (QWs). We can control the energy of the IST with an external bias by the quantum-confined Stark effect. Due to the strong coupling between the optical cavity and the two-level system, changes in the intersubband energy also change the overall device spectral response. We are able to tune the eigenfrequency of the upper polariton branch continuously over 2.5 THz (corresponding to 8% of the center frequency or one full linewidth) by applying only 5 V to the structure. 
Experimental results and discussion
Our actively tunable metamaterial devices are based on the unit-cell design presented in Fig. 1 (left) . We use a twodimensional array of inverted "dogbone"-resonators on top of a semiconductor. This greatly simplifies the biasing of the QW-stack as we can use the metamaterial layer as the top contact. Our QW-stack is based on an In .53 Ga .47 As/Al .48 In .52 As heterostructure that is lattice matched to the InP substrate [3] . We can tune the energy of the IST continuously from 118 meV (=28.5 THz) at zero bias to 141 meV (=34.1 THz) with an applied electric field of -70 kV/cm (which corresponds to approx. 5 V applied to the QW-stack). The calculated band-structure for these two cases is presented in Fig. 1 (right) .
One of the clear signatures for strong light-matter interaction is the distinct anti-crossing of the two polariton branches. This can be observed experimentally by measuring the normal incidence reflectance as a function of the bare cavity resonance. The strong coupling between metamaterial and intersubband resonance leads to an avoided crossing of the two polariton branches. We present the experimental results at room temperature for our sample at zero bias in Fig. 2 (left) . The polariton anti-crossing is most clearly visible when the bare metamaterial resonance becomes identical to the IST. In this case the two resonances are shifted towards higher and lower frequencies from their unperturbed values with an energy difference of 2ћ  R .
However, for an actively tunable device it is necessary to control the device response by an external parameter. Our structure allows for a very simple control of the energy of the IST using a voltage through the quantumconfined Stark effect. Due to the strong light-matter coupling, this also tunes the overall device spectral response. Experimental results for the bias range from zero to 5 V are presented in Fig. 2 (right) . For zero bias we observe one dominant peak around 30 THz, corresponding to the metamaterial resonance. By applying a forward bias, we can shift the IST and as a consequence of the strong coupling also the upper polariton branch towards higher frequencies. For a bias of 5 V we achieve a detuning of 2.5 THz or one full linewidth. 
Conclusion
In summary, we presented an actively tunable mid-infrared metamaterial operating in the strong light-matter coupling regime. We are able to control the transition energy of our two-level system using an external bias and thereby also tune the overall device response due to the strong coupling between the two-level system and the metamaterial cavity. We can shift the upper polariton eigenfrequency by 2.5 THz or one full linewidth by applying only 5 V across the QW-stack. Our devices show great potential for the realization of tunable mid-infrared filters or modulators. Furthermore, the concept can be easily scaled to longer or shorter wavelength potentially also covering the near-infrared and THz spectral range.
